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(57) A supported catalyst comprising a caibon fibnl 
aggregate and a catalytically effective amount of a cat- 
aS«t supported therein, a process for performing a cat- 



atytioreadioninfluid phase usingthesupported catalyst 
ahdaprocessformaking the supported catalyst are dis- 
closed. 
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Description 

Baclt <^round of the Invention 

[0001] The invention relates to cata^st supports, supported catalysts and methods of making and using them in 

heterogeneous catalytic reactions. ^hf^miral orocesses in the petroleum, petrochennlcal 

45 for the conduct of a variety of organic chemical reactions. 
OBJECTS OF THE INVENTION 

KU=,avrir^rj:rr^^^ 

[SlSr It is a further object of the invention to provide improved, substantially pure, carbon catalyst support of high 
^:S.:^:^^o. .0 improve the activity and seiect.ity of supported catalyst. 

using supported catalysts. 
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100131 The invention is in a supported catalyst for conducting a fluid phase catalytic chennical reaction, processes 
rrerfo-Sn^a chem ^reaction in fluid phase using the supported cata^st and a process for mak.ng the 

STTJ^Xorted cata^st of the invention comprises a support comprising a carbon fibril agg-gate and a c^. 
Srallv effective amount of acatalyst supported thereon. The fibril aggregates compnse a plura^ of carbon fibnis 
SclprSg^^^^^^^ essentially continuous, general^ parallel layers of ordered graphite '^a***"- P^^^^J 
embodrent these graphitic layers are disposed in substantially parallel relation to the central axis of the 1M and a 
jSondeire i^^^^^^^^ hale an external diameter of about 3.5 to 75 nanometers and a length-to-d.ameter rat.o 

?Mlir'F?rraggregate-supported catalysts of the present invention have unique properties. They are exceptionally 
Sporouandthe%repureandthey are resistantto attrition andcon^^^^^^^ 

TeSridium over a long service life The unique^ high macroporosity of carbon fibril aggregates, the res"K of the, 
mSS^opic morphology, greatly facilitates the diffusion of reactants and products and the flow of heat nto and ou t of 
SrsuD^dcSst ThiLnique porosity results fromarandomentanglementorimem^ 

unus^S hSSma. void v'oluL comprising mainty macropores in a dynamic, rather than static state^S"^amed 
seoarabStty from fluid phase and lower losses of catalyst as fines also improves process perfomnance and economics^ 
orr al Ws of the fibril aggregates as catalyst supports include high purity, ^proved cata^rst loading capacity 
20 and chemical resistance to acids and bases. 

BRIEP DESCRiPtlON OF THE DRAWINGS 
[00161 

Fig. 1 is a schematic diagram of a catalytic reaction process perfomied with fibril-aggregate supported catalysts 
of the invention. 
r^PTAII gP DESCRIPT ION OF THE INVENTION 

rooiTl The carbon fibril aggregates used as catalyst supports in the invention are fonmed of a plurality of carbon 
fEhaTacteSX an outer region of multiple, essentially continuous, general^, parallel layers of ordered graphrtjc 
^aL arrSrThe orientation of these layers with respect to the central axis of the fbril may vary from substanfalty 
parallel i.e. 0- angle of inclination to substantially perpendicular i.e.. 90° angle of inclination. 

149 S73 filed January 28 1988 ("Carbon Fibrils"). Mandeville et al., U.S.S.N. 285,817 filed December 16 1988 ( Fi- 
MJr.TMSBiai.. U.S S.N. 351.967 filed May 15, 1989 ("Surface Treatment of Carbon Microfibers"). all of 
whtoi^ra^edtothes;^^ 

S^inrdTthoseZlng a fishboSe morphology (»FB») as described in U.S. Patent No. 4,855,09 to Geus et al 
O^^^ Ca*on fibrils 

^Z le^T^ZZ including bird nest ("BN"), combed yam TCY") and open net ("ON") Bird "est aggregates 
J^lSbTe bi7nesU and are characterized by indmdual carbon fibrils random^ entangted with each « her to term 
LZS^ balls of carbon fibrils. Combed yam aggregates resemble combed yam and are compnsed of bundles of 
sShtly bent or kinked carbon ftorils having substantiai^r the same relatK^e orientation w^h respect to each 
S in otS words, the longitudinal axis of each carbon fibril, despite indh/idual bends or kinks, extends in the sarne 
ine'^dTec i^n as that of the surrounding fibrils in the bundles. Open net aggregates resemWe an open net and 
LmpteSghttoslightlybentorklnk 
raJrrdegre?offibril entanglement that isgreaterthant^ 

f^rhave substantially the same relath/e orientation, but that is less than that of bird nest aggregates. Combed yam 
ss gnri nnen net aaareaates at© more readily dispersed than bird nest aggregates. 
?M2rT?.t3Srnglementoffibi;sinthebir^ 

K cornbfni yam (CY) mon^hology resutts in a unique porosity and pore structure. Since the individua f.bnis a e 
ijrherge ofs 5-70 nanomeSrs in diameter, the por 
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of comparable dimensions. Additionally, since the strands are not chemically or physically attached other than by 
relatively weak van der Waals attractions Intemilttently spaced, some movement of the strands or portions of the strands 
relative to each other can occur either randomly or on demand. Thus, the pores are in a "dynamic" rather than static 
state. This results in a support where traditional micropores (<20 A) are hon-existent, and where the entire porosity Is 

5 available to the fluid medium as meso- or macropores. This is highly advantageous for performing catalytic reactions. 
[0022] Carbon fibril aggregates are prepared by contacting a carbon-containing gas with a metal catalyst In a reactor 
attemperature and other conditions sufflclentto produce them with the above-described fibril structure and macroscopic 
aggregate morphology. Reaction temperatures are 400-850- C, more preferably 600-750** C. Fibril aggregates are 
preferably prepared continuously by bringing the reactor to the reaction temperaturiB, adding supported metal catalyst 

10 particles, and then continuously contacting the supported catalyst with the carbon-containing gas. Examples of suitable 
feed gases include aliphatic hydrocarbons, e.g.. ethylene, propylene, propane, and methane; carbon monoxide; aro- 
matic hydrocarbons, e.g., benzene, naphthalene, and toluene; and oxygenated hydrocarbons. Additionally, hydrogen 
may be Included in the feed. Prefen-ed catalysts contain Iron and, preferably, at least one element chosen from Group 
VIB of the Periodic Table (CAS Version) (e.g., molybdenum, tungsten, or chromium). Group VIIA (e.g., manganese), 

15 or the Lanthanide Series (e.g., cerium). 

[0023J The macroscopic morphology of the fibril aggregate, i.e.. whether it is a combed yam, open net or bird nest, 
Is controlled by the choice of the catalyst support that is used in producing the fibril aggregate. Spherical supports grow 
carbon fibrils in random directions leading to the fomnation of bird nest aggregates. Combed yarn and open net aggre- 
gates are prepared using supports having one or more readily cleavable planar surfaces, e.g.. an Iron or Iron-containing 

20 metal catalyst particle deposited on a support material having one or more readily cleavable surfaces and a surface 
area of at least 1 m^/g. 

Prefeired support materials for making fibril aggregates include spherical fumed alumina and activated alumina or 
magnesia In the fonn of aggregates of tabular, prismatic, or platelet crystals. Such material is commercially available, 
e.g., spherteal fumed alumina from DeGussa, activated alumina from Strem Chemicals and magnesia from Alfa Inor- 

25 ganics. The spherical fumed alumina particles yield primarily bird nest aggregates, while the activated alumina supports 
yield primarily combed yarn aggregates and the magnesia supports yield primarily open net aggregates. 
[0024] It is believed that in the fomnation of combed yam and open net fibril aggregates that deposition of a catalyst 
on a support comprising readily cleavable planar surfaces allows the cartDon fibrils to assist each other as they grow, 
' creating a "neighbor" effect. As the catalyst particles deposited on the flat surfaces Initiate carbon fibril growth, the 

30 Individual fibrils are Influenced by their "neighbors". In the case of the activated alumina support, this leads primarily 
to combed yarn fibril aggregates in which the individual fibrils have the same relative orientation. The niagnesia sup- 
ports, although having readily cleavable planar surfaces, yield primarily open net fibril aggregates In which the carbon 
fibrils are lightly entangled because the magnesia support breaks apart more readily than the activated alumina support 
during fibril growth, resulting in fibril aggregates that are less ordered than the combed yarn aggregates but more 

35 ordered than the entangled fibril balls of bird nest aggregates. The oxide precursors used to generate the metal catalyst 
partteles also affect the tendency of the aggregate-forming catalyst support to break apart. The more readily the oxide 
and support can form a mixed oxide at the interface between them, the more likely the support Is to break apart. 
[0025] Further details regarding the formation of carbon fibril aggregates may be found In the disclosure of Snyder 
etal., U.S. Patent Application Serial No. 149,573, filed January 28, 1988, andMoy etal., U.S. Patent Application Serial 

40 No. 413,837 filed September 28. 1 989 ("Fibril Aggregates and Method of Making Same"), all of which are assigned to 
the same assignee as the invention here and are hereby incorporated by reference. 

[0026] Improved fibril aggregates for use In the invention can be made In accordance with methods disclosed in U. 

S. Patent Application Serial No. , filed on even date by David Moy and Asif Chishti entitled "Improved 

Methods and Catalysts for the Manufacture of Carbon Fibrils" the disclosure of whteh Is Incorporated here by reference. 

45 [0027] As a catalyst support, cariDon fibril aggregates provide superior chemical and physical properties in porosity, 
surface area, separability, purity, catalyst loading capacity and chemical resistance to acids and bases. Carbon fibril 
aggregates have porosities as high as 8 ml/gm of aggregate support, high catalyst loading capacity, excellent sepa- 
rability from fluid phase owing to their resistance to attrition below a size of about 0.5 micron, surface areas of about 
250 to about 300 m^/gm and capable of being as high as 1000 m^/gm, high compositional purity, i.e., freedom from 

50 contaminants. 

[0028] Porosities of from about 2 to about 8 ml/gm and typically from about 5 to about 8 ml/gm, ensure Increased 
accessibility to the active catalyst compound supported on the internal surfaces of the aggregate and confer a com- 
mensurate increase in the effective activity of the supported catalyst. Porosity Is typically measured by evacuating all 
gases from a weighed sample of fibrils at a pressure <0.1 mm Hg; absoriaing, in vacuo , a liquid, e.g., distilled water. 
55 suitable for such measurements just to the point of saturation; removing all liquid adhered to the fibril particles by 
filtering it through No. 50 Whatman filter paper with a water aspirator Just to the fonnatlon of mud cracks In the filter 
cake; weighing the liquid-saturated fibril filter cake; and calculating the volume occupied by the liquid from the known 
weights of the fibrils, the absori3ed liquid and the liquid density. 
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r00291 Carbon fibril aggregate catalyst supports have a high internal void volume that ameliorates the plugging prob- 
em elcountered in various processes. Moreover, the preponderance of large pores obviates the Problems often en^ 
countered in diffusion or mass transfer limited reactions. The high porosities ensure significantly increased catalyst Irfe 
since more catalyst can be loaded onto the support. ^ . , . .r, ^ „„ief 

5 [00301 The carbon fibril aggregate catalyst supports of the invention have improved physical strength and resist 
attrition In nomial service they attrit only to a size of about two microns. When severe attrition does occur the attntted 
oarticles are typically above about 0.5 micron. Further, attritted fibril aggregates tend to self-flocculate, such that even 
when reduced to particles of about 0.5 micron they self-flocculate fomiing larger size agglomerates, remaining sepa- 
rable as compared to other 0.5 micron sized particles. ,u^»r.«r^r.hlt^ 

10 [0031] carbon fibril aggregates, which are highly graphitic, have a higher surface area than other synthetoc gi^hltes 
Lica ly 250-300 m2/gm for fibril aggregates vs. 1 0 m2/g for synthetic graphite. If surface areas higher than 250-300 
rJz/gm are desired, fibril aggregates can be surface-oxidized to provide surfaces with surface areas above 1000 mj/ 
gm An advantage of surface-oxidized carbon fibril aggregates over activated carbon is that only the surfaces of indi- 
vidual strands of carbon fibrils are modified and stmctural Integrity of the aggregate remains intact, thereby providing 

15 Increased surface area without any diminution in structural integrity. ^ ^ , k.^ 

[00321 The chemical purity of fibril aggregates has a positive effect on the selectnrity of a supported ^ataly^ s'^^e 
Lntarrilnatlon-induced side reactions are minimized. Carbon fibril aggregates are essential^ pure carbon wrth only 
small amounts of encapsulated catalytic metal compounds remaining from the process in which the fibnl aggregate 
was formed. The encapsulated fibril-forming metal compound does not act as a catalyst poison or as a selectlvity- 

[Sr ?SrcZbination of properties offered by fibril aggregates is unique. No known catalyst supporte combine 
such high porosity, high surface area and high attrition resistance. The combination of properties offered by f'bnl ag- 
gregates is advantageous in any catalyst system amenable to the use of a cartjon support. The multiple carbon fibrils 
that make up a carbon fibril aggregate provide a large number of junction points at which catalyst P^rt^'es ^^^^^^^^^ 

« ,0 multiple fibrils in the fibril aggregate. This provides a cata^st support that '-^'^ '^^^ 
catalyst Further, carbon fibril aggregates pemiit high catalyst loadings per unit weight of ftoni '^^'^ P;°^'^^^^ 
areatVr reseive capacity of catalyst. Catalyst loadings are generally greater than 0.01 weight percent ai^d preferably 
q ea e thfn 0 1 weighTpercent based on the total weight of the supported fibril-fom,ing catalyst. Catalyst loadings 
grea e than 50 weight percent of acdve catalyst based on the total weight of the supported catalyst a/e easijr w^h 

30 the contemplation of the Invention, i.e.. loadings in excess of 100 weight percent based on the weight of the fibnl 
aggregate-support of the invention, owing to the porosity of fibril aggregates and other factors '^'^"f ^^J" . 
[^4] Because of their high purity, carbon fibril aggregates have the properties of high purity graph te and. therefore 
exhibi high resistance toattackby adds and bases. This characteristte is advantageous sinceonepa^^ 
catalysts Is regeneration with an acid or a base. Regeneration processes can be used which employ strong acids or 

35 Strong bases. Their high purity also allows them to be used in very corrosive environments. 

METHOD OF MAKING S UPPORTED CATALYSTS 

[0035] Supported catalysts are made by supporting a catalytically effective amount of a catalyst on the fibril aggre- 
gate. The term "on the fibril aggregate" embraces, without limitation, on. in and within the aggregate and on the con- 
stituent fibrils thereof. The aforesaid ternis may be used interchangeably. . , , , . , 
ra0361 Sree baste methods of preparing heterogeneous supported catalysts are adsorption, inclpfent wetness im- 
pregnation and precipitation. Supported catalysts may be prepared by either incorporating the catalyst onto the aggre- 
gate support or Ey foLng It /n ./to and the catalyst may be either active before it is placed in the aggre^^^^ 
in situ Desirable active catalysts are the platinum group (ruthenium, osmium, rtiodium. indium, palladium and platinum 
or a mixture thereof) and. preferably, palladium and platinum or a mixture thereof. 

?0M71 The catalyst, such as a coordination complex of a cataiytfc transition metal, such as pal adium rhodium or 
platinum, and a ligand, such as a phosphine, can be adsortDed by slurrying the fibril aggregate In a solution of the 
catalyst or catalyst precureor for an appropriate time for the desired loading. ,k..,4,.h h„ tho nn/ 

[0038] in impregnation by incipient wetness, a solution of the catalyst or catalyst precursor Is absortDed by the dry 
ib^agg egate just to the point of saturation. Since the internal void volumes are very high (up to f c^/g with wateO 
loadingS in exciss of 2-3 g of active catalyst/g of fibril aggregate can be obtained (e.g.. 2.9 g Zn(Ol^yg BN fibnl 
aoareaate) Multiple impregnations can result In even higher loadings. 

[00391 Memativeiy.thecatalystoracatalystprecursorcanbeprecipitateddirectlyontothesurfacesoftheaggregate. 
This rnettiod wori<s well with oxide and mixed oxide catalysts. For example, a metal oxide can be first deposited on 
the fibril aggregate and the active catalyst then deposited in a second step. This deposition can be accomplished by 
loading a precursor of the metal oxWe or catalyst by incipient wetness followed by addition of a precipitating agent, e. 
g.. a base. or. the mixed oxide catalyst can bo deposited analogously in a single step. 
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r00401 Aqqregate-supported catalytic metal oxides and hydrated oxides can be prepared by precipitating them from 
aquZsSr of waS^r-sol^ 

sulfides can be rtiade from these oxides and hydrated oxides. U.S. Patent Application Serial No. ^ , 

"en daTe by David Moy and Asif Chlshtl entftled "Improved Methods and Catalysts for the Manufa^ure of 
5 Cart,^;; ^r!s- the disclosure of which Is incorporated here by reference, describes such precpitation .n the context 
of fibril aaareqate-supported catalysts for making fibrils and fibnl aggregates. 

^41 Fbria^^^^^^^^ 

iTent system dried, and then wetted with an activator, such as a suitable anion In a suitable so^/ent system or an 
acW or baseTn aTuiteble solvent, so as to produce the catalyst in situ within the fibril aggregate structure. As an 

mSteSaSicTralionme^ 

15 tKcdmSle With both the catalyst and the fibril aggregate where the catalyst is not compatible with the fibril 
aategrSs technique opens the range of candidate cata^sts for support by the fibril aggregates. For instance^ 
TeroxWe (F^iTca^^^^^ be copr^pftated with alumina (A^03) or mo^dena (M0O3) to fomi acoprecipitated 
rSS^ed oSde c^^^^^^^^ which may be reduced prior to the Intended reaction, supported on t^e Abnl aggregate _ 
ToS] Further. L fibril aggregate support may be pretreated with an acid and/or base before being imparted wrth 

SSiT SIS fibril aggregates can be used to support cata^sts other than those which are nomially ^^^^ 
E A cosupport such alumina, magnesia, silica, silica-alumina, slllca-magnesia or a zeolite can be depos^ed 
w^hin a fibril aaareaate and provide a support for a cataVst that is amenable to use only with the cosupport 
an S e S^vTb^^r^^^^ of the'Ll aggregate. By the same token a catalyst and a compatibility 

.5 Se^rcanTelprecipltated on the fibril aggrega^^ 

rna?egatelnotherwords.theporosltyoffibrllaggregatespemiitthemtoholdcosupport^ 
^T^^TsmZlsmo^^^X porosity to provide access to reactant(s), product(s) and heat flow. Because of the 

v^SbulkJlSir^^^^ 
Trii Jc wrte^^^^^^^ 



roS tn addrtlon the surfaces of the Individual fibrils in the aggregate can be modified In order to either increase 
iuSe area or"o mld^ their chemical properties to make them amenable to support of an even broader range of 
^S^t materiaL It is also possible, because of the extreme porosity to apply multiple layers of materials to these 
surfaces. 

METHODS OF USING SUPPORTED CATALYSTS 

roo471 Carbon fibril aggregates are candidates for use as catalyst supports for catalysts that heretofore "tiH^d ^ar- 
L . ^unrZ ma eria? These catalysts may catalyze substitution - nucleophilto. eledrophilk: orfree radical; addition 
Tonhmrel^S lie free ?aS or simultaneous; ^-elimination; rearrangement - nucleophilic. electrophilic or 
irSr^x St^^^^^^^^^^^ The foregoing reactions are defined in March, Advanced Orgarjc 

rhtr^^tn, 3rd ed 1985) at pp 180-182. See also Grant and Hackh's Chemical Dictionary (5th ed. 1987). More 
pa« cartTo^^^ the invention may be used as catalyst supports for catalysts for slurried liquKi 

pJie Selus r^etal hydfogenation or dehydrogenatlon catalysis. Fischer-Tropsch cata yste. amnnonia syntheste ca- 
SrdeTulfurization or hydrodenitrogenation catalysis, the catalytic oxWation of methanol to fomrnWehydj 
aSrS- a °d/or fibril aggregate-fomning catalysts. Typ«al heterogeneous catalytic react«>ns and the cata^rsts that 
are candidates for support on fibril aggregates are set forth in Table I below. 
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catalyst 


Hydrogenation — 


Olefin alkane 


Pt, Pd, Rh, Ru 1 


3H^ + N-> 2NH3 


Pe 1 




Cu*/ZnO 


Heptane toluene 4H2 ..^ 


Pt 1. 


Acetone + Ho 2-propanol 


Pt, Copper chromite 


Ho + aldehyde alcohol 


Pt, Pd, Rh, Ru 


nitrobenzene aniline 


Pd 


ammonium nitrate - hvdroxylamine 


Pd 


alkene alkane 

fiubstituted alkene substituted alkane 


Pd, Pt, Rh, RU 


Pehydrogenatlon 


ZHOCK^CHgOM J ♦ ♦ Hj 0 

2,3-dibydrodioxin 


Pt 


cvclohexanone phenol 


Pt 


Aromatization — 


t*. >. * *■* 


Pd, Pt, Rh 




Pt 


Polymerization ——^ — 


CM. linear polyethylene ^ 


1 cr^+ZSiOo 


Olefin metathesis ^ . — 


-.^ « ^ n^v. ^ CH.CH=CHCH, 


1 Mo^VAloO^ 1 


Oxidation | 


CH-iOH + hOo CH,0 + Hr>0 


FeoO, • MoO, 1 


HyO CO Hr> COo 


Fe^O^, Ni, CuO/ZnO | 
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1 k02 + CH2CH2 ^ CH3CHO 


PdCl and similar 
salts of noble metals 


RCH^OH RCHO + 


Pt 


r^iiiAose d-alucuronic acid 


Pt 


01 X gomerizatlqn — > fl 


dimethylacetylene dicarboxylate - 
hexaihethvl mellitate 


Pd 


Isomerization ^ 


J 

CI.CI. •C*^*''"'"C' 


Pd 


Carbonylatioxi ^ ;^ 


ro + CH-OH CH^COOH 


Rh 


1 n&catrbonvlation ^ 


^^]>-Ci,C(Ci,),CljCiO 

Ci,C(Ci,J,Ci, • CO 


Pd 


Hydrosilation ^ 


SiH(CH3)3+cyclooctadiene-l,3 
1 3-triinethvlsilyl-cyclooctene 


Pt 



[00481 Theprocessofperformingaheterogeneouscatalyticchemicalreactioninfluidphasewrthsup^ 
Ke invention comprises contacting a reactant with a supported catalyst in fiuid phase under suitable react'on con- 
d t ons The process may be a batch process or a continuous process, such as a plug flow process or a grad entless 
™i e g aSized b^ process The supported catatysls of the invention are particularly useful in ca alyt.c proc- 
e sS^hefe'the reaction environment subjects the supported catahrst to mechanical stresses such - those us.ng 
SuW phase slurry reactors, trickle bed reactors or fluidized bed reactors. The attrition resistance and high loading 
caoabilitv of the supported catalyst are particularly beneficial in these environments. 

fooS In a bat^h process, the reactant(s) are reacted in the presence of the supported catalyst in a reaction vessel. 
Trribi unSfa^tSion, and then the supported catalyst is separated from the reactant(s)/product(s) mixture by 
«5iiitable means for reuse, such as by a filter or a centrifuge. 

So pfg T schematically illustrates a batch hydrogenation process 1 Supported catalyst is placed in aba ch 
Son Ssel 10 to which Sydrogen and reactant are added. The vessel is closed and the f^Vj^^^f ""/^'^ 
i^^ned under agitation. On completion of the reaction, the vessel contents are passed ^^^^h ''ne 1 4 to a ^e^^^^^ 
whereTe support«l catalyst is separated and retumed to the reaction vessel 1 0 via return line 22 and the remainder 
of the vessel contents passed to the next stage of the process via line 24. 

?0051] in a plug flow process, the reactant(s) pass through a stationa^r bed of supported '>«talys^«"^^' 
Smcentration of product(s) increases as the reactant(s) pass through the catalyst bed. Any supported catalyst that 
^e^mrrr^nedlnthisfiowcanbeseparatedbysuitabte 

[mmT "in'^a moving bed or fluidlzed bed process, the supported catalyst is fluidized or entrained with the flow of 
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reactant(s) In the process. The supported catalyst flows concurrently with the reactant(s)/product(s). At the end of the 
reaction step, any entrained supported catalyst Is separated from the unreacied reactant(syproduct(s) stream, such 
as by filter centrifuge or cyclone separator, and recycled to the beginning of the reaction step. 
[00531 In a fluldized bed process, a bed of the supported catalyst is f luldized but remains within the bounds of a fixed 
5 zone as the reactant(s) move through the bed and react to form product(s). In this situation any supported catalyst that 
becomes entrained in the reactant{s)/product(s) stream may be separated by suitable means and returned to the 

fluldized bed. « * 

[0054] In a further form of continuous process, the supported catalyst moves counter-current to the flow of reactant 
(s) For example the reactant may be introduced as a gas Into the base of a vertical reaction vessel and removed from 
10 the top as product{s). The supported catalyst is introduced at the top of the vessel and cascades turbutently downwardly 
through the upward gas flow to be withdrawn from the bottom for recycle to the top of the vessel. Any supported catalyst 
entrained in the gas flow exiting the vessel could be separated and recycled to the top of the vessel for recycle into 

the reaction vessel. *u • 

[0055] The fibril aggregate supports of the invention can also be used as supports for what would otherwise be 
IS homogeneous catalysis, a technique sometimes called supported liquid phase catalysis. Their use as supports permits 
homogeneous catalytic processes to be run using heterogeneous catalysis techniques. In supported liquid phase ca- 
talysis, the reactant(s) and catalyst are molecularly dispersed in the liquid phase that is supported within the structure 

of the fibril aggregate. . ^ ^ 

[0056] The high internal volume of fibril aggregates, as evidenced by their porosity, pemilts them to be loaded with 

20 a liquid phase catalyst, much like a sponge, and used as a catalyst, but in a solid particle form. Each catalyst-loaded 
fibril aggregate can be viewed as a microreactor in that the interior of the aggregate is loaded with a continuous liquid 
phase containing catalyst or a plurality of droplets of catalyst in solution. Consequently, the aggregate behaves both 
as a solid particle for material handling purposes and as a homogeneous liquid catalyst for reaction purposes. The 
usefulness of carbon fibril aggregates Is aided In this regard by their chemical stability. The advantages in using ho- 

25 mogeneous catalyst-loaded fibril aggregates are the ease of separating the catalyst from the product stream, ease in 
carrying out the process, equipment sizing and In avoiding corrosion In the condensed liquid phase. 
[00571 Fibril aggregates are amenable to use as supports in the catalysis of substitutions, additions, p-eliminations. 
rearrangements, oxidations and reductions. More specifically, they are useful in hydroformylatton and carbonylation 
reactions and the Wacker process. 

30 [0058] In carbonylation reactions, a catalyst-loaded fibril aggregate is prepared by absoriaing a solution of the carb- 
onylation catalyst, such as rhodium chloride and triphenyl phosphlne, In a higher boiling point solvent, such as mesit- 
ylene or pseudocumene. into dry fibril aggregates, such as bird nest aggregates. 

[0059] The carbonylation reaction Is can-led out by contacting a vapor phase feedstock with the catalyst at appropnate 
temperatures and pressures. The feedstock mixture may be, e.g., carbon monoxide, methyl acetate, methyl iodide and 
solvent. The feedstock Is absorbed and molecularly dispersed in the catalyst solution and reacts in the liquid phase. 
The reaction can be carried out In a slurry phase reaction as previously described or in a fixed bed reaction. 
[0060] The products of reaction, such as acette anhydride and/or acetic acid and byproducts, are removed from the 
fibril aggregate particles by vaporization or filtration. 

[0061] In the Wacker Process, a catalyst-loaded fibril aggregate is prepared by absortDing a catalyst, such as palla- 
dium chloride copper chloride, potassium chloride or lithium chloride. In a solvent such as water, into dry fibril aggre- 
gates The loaded catalyst is then placed into a sluny phase or fixed bed reactor and vapor phase reactants. such as 
ethylene, oxygen and hydrogen chloride, are passed through the bed at appropriate partial pressures and temperatures. 
The products, such as acetaldehyde and water can be separated from the catalyst by vaporization or filtration. 

45 EXAMPLES 

[0062] Examples I through VII describe the preparation of supported catalysts In accordance with the invention for 
various chemical processes and their use in those processes. 

50 EXAMPLE I. 

[0063] This example describes the preparation by incipient wetness of a fibril aggregate-supported catalyst for a 
liquid phase slurry, precious metal hydrogenation and the use of the catalyst in the hydrogenatlon of phenol to cy- 
clohexanone/cyclohexanol. . ^ . ^. * ^ 

55 [0064] A sample of BN fibril aggregates (void volume of 7.0 cc HgO/g) is washed extensively with 6 N HCI, distilled 
water and is then dried. 10.0 g of the dry aggregates are added to a 1 liter 2-neck flask equipped with a 100 cc long- 
stem addition funnel and a stopcock attached to a vacuum source. The fibril sample is degassed at 0.1 mm Hg. Eighty 
cubic centimeters of 0.0135M solution of PdClg (from AESAR) In 6 N HCI is added to the addition funnel. While still 
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under vacuum, the solution is slowly and carefully added to the dry. degassed fibrils. The flask is shaken frequently to 
mix the partially wetted fibrils as the addition Is perfoimed. Addition is continued until the point of saturation is just 
reached A total of 72 5 cc is added. The flask is then placed onto a rotary evaporator and is dried at 0.1 mm Hg and 
SO'^C for several hours. The dried catalyst Is reduced by reaction with 5% Hg in a 2 inch quartz tube at 200^0 until the 

5 gaseous effluent no longer tests positive for Ch. Nominal loading on the catalyst is 1.1% palladium by weight. 

100651 The test for catalytic activity is performed in a 50 cubic centimeter stainless steel autoclave at 1 60«»C and a 
total pressure of 5 atmosphere. Products are analyzed on a Varlan 3700 gas chromatograph using a capillary SPB-5 
column Ten grams of phenol (Aldrich Chemical. ACS Reagent) is loaded in the autoclave with 0,2 g of the catalyst. 
The autoclave is sealed and all air Is removed by purging twice with argon. The autoclave Is then heated under an 

10 atmosphere of with stirring (800 rpm) to 100<^C. after which the pressure regulator for the system Is set to 5 atm 
and the temperature controller set for 1 eO'^C. On reaching these conditions, reaction is allowed to proceed for 1 5 mm. 
A 1.0 cc sample is withdrawn every 5 min. for analysis. The rates of fomnation for cyclohexanone and cyclohexanol 
are 1 6.0 and 0.1 2 g/g cat-s or liters per gram of catalyst-second, respectively. 



15 EXAMPLE II. 
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[0066] This example describes the preparation of a fibril aggregate-supported catalyst for the Fischer-Tropsch proc- 
ess and the use of the catalyst in that process. 

[00671 Ten grams of BN fibril aggregates (void volume, 7.0 cc/g) Is dispersed with 600 cubic centimeters of delonlzed 
water for 2 minutes in a Waring blender to form a thick paste. This is then slun-led with an additional 1 liter of water in 
a 3 liter 3-neck indented flask fitted with a top stirrer. One hundred twenty grams of 41% Fe(N03)3 from Blue Grass 
Chemical is added to the slurry and, with vigorous stirring, is neutralized with a solution of 20 weight percent potassium 
carbonate to a pH >7. The slurry Is filtered and washed lightly and then Is dried at 1 60<'C in a convection oven. Nominal 
loading of the catalyst Is 1 .1 g of iron per gram of cartDon fibril aggregate. 

[00681 The catalyst is ground and reduced in Hg at 350'>C for 6 hrs. It is added to a fluidized bed reactor at 340-0 
and charged with a 6/1 ratio of Hg/CO at 2.5 MPa and at sufficient velocity to maintain a fluidized bed. After equilibrium 
is reached, analysis by gas chromatography of the liquid product collected downstream is: 



Fraction 




Cl1"^18 


Olefins 


70 


60 


Paraffins 


13 


15 


Oxygenates 


12 


10 


Aromatics 


5 


15 



EXAMPLE III. 

[00691 This example describes the preparation of a fibril aggregate-supported FegOyMgO catalyst for an ammonia 
synthesis process and the use of the catalyst In an ammonia synthesis process. 

[00701 Magnesia (Martin Marietta MagChem 50) (29.6 grams) is slurried with delonized water at 80°C for 3 hrs. and 
is then allowed to cool. BN fibril aggregates (3.3 grams) (void volume 7.0. surface area 290 M^/g) is added to the MgO/ 
Mg(OH)o slurry and the mixture stirred in a Waring blender for 2 min. 67.6 g of a 41 % solution of Fe(N03)3 tn deionized 
water is mixed with a solution of 2.17 g ammonium para-molybdate in deionized water, yielding a clear, orange-brown 
solution This solution is added to the MgO/Mg(OH)2 fibril aggregate slurry with vigorous mixing at a steady dropwise 
rate The resulting slurry is black. The slurry is filtered and washed twice with 1 N ammonium acetate by reslurrying 
and refiltering The filter cake is dried at 160°C for 18 hrs.. then calcined at 400°C for 4 hrs. The nominal composition 
of the calcined catalyst is: 33% FegOa, 6.5% M0O3. 48.5% MgO, 1 2% fibril aggregates. 

[00711 The catalyst Is reduced in a Hg stream by gradually increasing the temperature from 75*'C to 425^0 over a 
12 hr period followed by 24 hrs. at 425*>C. At the end of this time, heat is removed. When the temperature reaches 
ambient temperature, Hg is purged with argon. The catalyst is then exposed to a 1 0% COg/argon gas stream to partially 
reoxidize the reduced Fe, which is othenfl/ise pyrophoric. 

[00721 The catalyst is tested for ammonia synthesis in a fixed bed reactor 8.0 g (23.8cc) of catalyst is loaded in a 
3/4- tube. Reaction Is carried out at 480'»C and 25 MPa total pressure with a 3/1 ratio of Hg/Ng. The exit gas contains 
8% NH3. 23% N2 and 69% Hg. This corresponds to a 15% conversion to NH3. 
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EXAMPLE IV. 



[00731 This exainpie describes the preparation of a fibril aggregate-supported catalyst for a hydrodesulfurization 

process by pore filling and the use of the catalyst In a hydrodesulfurization process. 

5 [00741 Ten grams of BN carbon fibril aggregates (void volume 7 cc/g) is dispersed in a mixture of 600 cc of a so ution 
that is 0 44 IVI in CofNO,), • 6H20 (25.75% CoO) and 0.20 M in ammonium paramolybdate (81 .53% M0O3) in a Wanng 
blender for 2 minutes. The slurry is filtered and without further washing, dried at 125-C. The dried catelyst is calcined 
at 230'C for 6 hours. The catalyst exhibits a nominal loading of 2.3 g CoO. 14.1 g M0O3 (6/1 ratio of MoOa/CoO) and 

10 tmSl''^-n\e^m^^ activated by reduction at 325°C with a gas mixture containing 2.5% H^S in for 2 hrs. 

[0076 0 1 g of catalyst is charged Into a 500 cc stirred autoclave with 300 cc of 1 vol% solution of thiophene in 
hexadecane The reactor is charged to 80 atm with Hj and the hydrodesulfurization reaction is canied out at SOO'C. 
One ccsamplesarewithdrawnand analyzed at5min. intervals andapseudofirst order rateconstantfor disappearance 

of thiophene is determined to be 4.5 x 10-3 17g cat-s. 
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[0077] This example describes the preparation of a fibril aggregate-supported catalyst for a carbonylation process 

and the use of the catalyst in a cart5onylation process. ,..u 1 

[0078] A homogeneous catalyst solution having 0.00151^ of RhClg, 0.0005 M of Cr(C0)6 and 0.005 M of tnpheny 
phosphine dissolved in pseudocumene is absorbed into the pores of 1 0 g of BN fibril aggregates (void volume. 7.0 cc/ 
0 surfscG sr33 290 ftio/9* 

[0079] The catalyst solution as a supported liquid phase within the fibril aggregates is loaded Into a fixed bed reactor. 
The pressure in the reactor is Increased and controlled at 500 psig with CO and the temperature is Increased to 200 0^ 
A qas mixture comprising MeOAc, Mel and CO saturated with pseudocumene at 200'C and 500 psig feprepared such 
that the final composition of the gas stream is: 64% CO, 25% MeOAc. 10% Mel. 1% pseudocumene. The gas rrt)*L.re 
Is fed into the fixed bed reactor whereupon MeOAc, Mel and CO dissolve in the supported liquid phase within the fibnl 
aggregates and react to form acetic anhydride and acetic acid. Products are removed from the reactor by vaporization. 

30 EXAMPLE Vn. 

[0080] Thisexampiedescribesthepreparationofafibrilaggregate-supportedcataiystfortheheterogeneousWacker 
process and the use of the catalyst in a heterogeneous Wacl<er process. . ^ ^. . «. , 

[oSlf A homogeneous solution. 0.01 M in PdCi^. 1 .0 M in CuCI^ and 0.001 M in LlCi. is abso*ed into the pores of 
35 1 0.0 g BN fibril aggregates (void volume. 7.0 cc/g, surface area 290 m2/g). ^,o, r h 

[0082] The catalyst (83 cc) is loaded into a 1" fixed bed reactor. A gas stream compnsing 60% stream 31 /o CjH^ 
and 9% O2 is fed at 1 1 0°C and 60 psig at a total GHSV of 360. Residence time is approximately 1 0 sec. The effluent 
contains 18% CH3CHO. 16% C2H4, 1% O2 and the balance, steam. 

40 EXAMPLE VH. 

[0083] This example describes the preparation of a fibril-supported catalyst for the oxidation of methanol to formal- 
dehyde and the use of the catalyst in that process. , . r /mu \ m« o a 
[00841 A catalyst is prepared by absorbing a solution that is 0.004 M in ammonium paramolybdate [ (NH4)6M07024 
. 4H201 0 015 M in Fe(N03)3 and 0.5 M in citric acid into 1 0.0 g BN fibril aggregates (void volume 7.0 cc/g, surface 
area 290 m2/g). The impregnated catalyst is dried at 110'C and calcined at 240»C for4 hrs. Nominal composition of 
the catalyst is 0 65% FeoO,, 2.3% M0O3 and 97% Fibril Aggregates. 

[0085] The reactor is a quartz tube, 32 mm OD x 1 000 mm long fitted with a porous fritted glass disc (1 0-20 micron). 
The bed length is 425 mm. The process is carried out at 240»C and atmospheric pressure with a gas stream comprising 
6% MeOH/94% air (vol) at a total gas rate of 125 1/hr. Analysis of products by gas chromatography shows a 98^ 
comfersion of MeOH with a selectivity to CHjO of 96%. CO (2.5%). CO2 (0.2%) and methyl fomiate (0.5%) are also 
detected. 



55 Claims 

1 . A supported catalyst for conducting a fluid phase catalytic chemical reaction comprising 
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(a) a catalyst support comprising a carbon fibril aggregate, said fibrn 

fibrils having an outer region of multiple, essentially continuous, generally parallel layers of ordered carbon 
atoms that are graphitic; and 

(b) a catalytlcally effective amount of a catalyst supported on said aggregate. 

2. A supported catalyst as recited In claim 1 wherein the carbon fibril aggregate Is substantially free of micropores 
having a diameter less than 20 A. 

3. A supported catalyst as recited in claim 1 wherein the fibrils have a fishbone morphology. 

4. A supported catalyst for conducting a fluid phase catalytic chemical reaction comprising 

(a) a catalyst support comprising a carbon fibril aggregate, said fibril aggregate comprising a plurality of carbon 
fibrils having an outer region of multiple essentially continuous, generally parallel layers of ordered graphitic 
carbon atoms disposed substantially parallel to the central axis of said fibril, a preponderance of said fibrils 
having an external diameter of about 3.5 to 75 nanometers and a length to diameter ratio of at least 5, and; 

(b) a catalytlcally effective amount of a catalyst supported on said aggregate. 

5 A supported catalyst as recited in claim 4 wherein said fibril aggregate comprises fibrils randomly entangled with 
each other to fomi entangled balls, bundles of straight to slightly bent or kinked carbon fibrils having substantially 
the same relative orientation, or straight to slightly bent or kinked fibrils which are loosely entangled with each other. 

6. A supported catalyst as recited In claim 4 wherein the cariDon fibril aggregate is substantially free of micropores 
having a diameter less than 20 A. 

7. A supported catalyst as recited in claim 4 wherein said fibril aggregate has a porosity from about 2 to about 8 ml/gm. 

8. A supported catalyst as recited in claim 4 wherein said fibril aggregate has a porosity from about 5 to about 8 ml/gm. 

30 9. A supported catalyst as recited In claim 4 wherein said fibril aggregate has a minimum size of about 0.6 micron 
on attrition. 

10. A supported catalyst as recited in claim 5 wherein said fibril aggregate comprises entangled balls. 

35 11 . A supported catalyst as recited in claim 5 wherein said fibril aggregate comprises loosely entangled fibrils. 

1 2. A supported catalyst as recited In claim 4 wherein said fibril aggregate has a specific surface area of at least about 
250 m^/gm. 

40 13. A supported catalyst as recited in claim 4 wherein said fibril aggregate comprises essentially pure cartoon. 

14. A supported catalyst as recited in claim 4 wherein said fibril aggregate is surface oxidized. 

15. A supported catalyst as recited in claim 4 wherein the catalyst is selected from ruthenium, osmium, rhodium, 
45 iridium, palladium, platinum or a mixture thereof. 

16. A supported catalyst as recited in claim 4 wherein the catalyst Is palladium. 

17. A supported catalyst as recited In claim 15 wherein the catalyst is platinum. 

18 A supported catalyst as defined by claim 1 wherein said catalyst comprises a substitution reaction catalyst, an 
' addition reaction catalyst, ap-elimination reaction catalyst, a rean^angement reaction catalyst, an oxidation reaction 
catalyst, a reduction reaction catalyst or two or more of the foregoing catalysts. 

55 19 A supported catalyst as recited in claim 1 wherein said catalyst comprises a hydrogenation catalyst, a Fischer- 
Tropsch catalyst, an ammonia synthesis catalyst, a hydrodesulfurization catalyst, a cariDoxylation catalyst, a Wack- 
er process catalyst, a discrete f ibril-fonning catalyst or a fibril aggregate-fonning catalyst. 
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20 A supported cata^st as recited in claim 1 wherein the amount of catalyst in the supported cata^st is greater than 
about 0.01 weight percent based on the weight of the supported catalyst. 

21 A supported catalyst as recited in claim 1 wherein the amount of catalyst in the supported catalyst Is greater than 
about 50 weight percent based on the weight of the supported catalyst. 

22 A process for perfomiing a catalytic chemical reaction in fluid phase comprising contacting at least one reactant 
■ in fluid phase under suitable reaction conditions with a supported catalyst that compnses 

(ajacatalyst support comprisingacarbonflbrilaggregate,saldflbrilaggregatecomprlslngapIum 
!ms an outer regL of muttiple essentl^^ continuous, general^ parallel layers of ordered graphrtK: 
carbon atoms; and 

(b) a catalytically effective amount of a catalyst supported on said aggregate. 

,5 23 A process for perfomiing a catalytic chemical reaction in fluid phase comprising contacting at least one reactant 
" in fluid phase under suitable reaction conditions with a supported catafyst that compnses 

(a) a catalyst support comprising acarbonfibril aggregate, said fibril aggregate comprising a plurality of caiton 
itL hS an outer regL of muftiple essential^ continuous, generally parallel layers of ordered g^phrt« 
ca bon aZs disposed substantially parallel to the central axis of said fibril, a preponderance of sa.d f.bnis 
Sng a™emal diameter of about 3.5 to 75 nanometers and a length to diameter rato of at least 5. and; 

(b) a catalytically effective amount of a catalyst supported on said aggregate. 

24. A process as recited in claim 23 wherein said process further comprises separating said supported catalyst from 
25 one or more products of said reaction. 

25 A process as ectted in claim 23 wherein said process further comprises recycling said supported cataly^ said 
prS^Sfor contacting said reactant after separating the supported catalyst from sa.d one or more products. 

30 26. A process as recited in claim 23 where said reaction is conducted in the liquid phase. 

27. A process as defined by claim 23 wherein said reaction is conducted in the gas phase. 

28. A process as recited In claim 23 wherein the reaction Is conducted in a liquid phase slurry reactor, a trickle bed 
35 reactor or a fluidlzed bed reactor. 

29. A process for perfomiing a catalytic chemical reaction comprising 

(a) introducing a reactant in vapor phase into a reaction zone containing a fibril aggregate-supported catalyst 
40 that comprises 

(I) a catalyst support comprising a cart>on fibril aggregate, said fibril aggregate comprising a plurality of 
carbon fibrils having an outer region of multiple essentially continuous, generally parallel layers of ordered 
TSo^r^o- atoms disposed substantially parallel to the central axis of said fibril, a preponderance 
rsKbrhaving an external diameter of about 3.5 to 75 n 

Jo a^ tai^lly effective amount of an active catalyst supported on said aggregate, the active catalyst 
being contained within a liquid phase within the said aggregate; and 

(b) absortjing the reactant into the said liquid phase to conduct said reaction. 

30 A process for making a supported catalyst for conducting a fluid phase catalytic chemical reaction compj-ising 
SepoS a camlyti^lV ef^tive amount of a catalyst on cart>on fibril aggregate that comprises a plurality of 
croSrs. a preponderance of which have an external diameter of abo^ 

to dimeter ratio of at least about 5 and graphitic layers disposed in substantially parallel relation to the central 
axis of the fibril. 

31. A process as recited in claim 30 wherein the catalyst is a multlcomponent catalyst that Is deposited on the fibril 
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aggregate in a single step. 

32. Aprocess as rectted in claim 30 wherein the catalyst is a multiccmponent catalyst that is deposited on the fibril 
aggregate In multiple sequential steps. 
' 33.Aprocessasrecitedinclaim30whereinthecatalystandatleastoneothermaterialarecoprecipltatedonthefibril 

aggregate. 

34. Aprocess as recitedinclaim 30 wherein thesurface of the individualflbrils in the aggregate aremodifiedto increase 
10 surface area. 

35. A process as recited in claim 30 wherein the chemical properties of the surfaces of the individual fibrils in the 
aggregate are modified to support the catalyst. 

15 1. A supported catalyst for conducting a fluid phase catalytic chemical reaction which comprises: 

(a) a catalyst support comprising a carbon fibril aggregate and a cosupport material, the fibril aggregate 

(0 comprising a plurality of carbon fibrils having an outer region of multiple, essentially continuous, gen^ 
SaTparalle? layers of ordered graphitic carbon atoms, wherein the graphitfc carbon atoms are deposed 
substantially parallel to the central axis of said fibnis, »K»„Hio™»f=r 
iS said IndMdual fibrils having an external diameter in the range of 3.5 to 70 nm and a length to dtemeter 
a 10 of at least 5. and the pores fomied between the fibrils being mesopores or '"«<=;°P°'r 1 
carbon fibril aggregate Is substantially free of micropores having a diameter less than 20A, and has a 
porjfrrito8ml/gmandaspecificsurfaceareaofatleast260m2/gmandie^ 

(b) a catalytically effective amount of a catalyst supported on said catalyst support. 

2. A supported catalyst according to claim 1 . wherein the cosupport material comprises alumina, magnesia, silica, 
30 Silica-alumina, silica-magnesia, molybdena or a zeolite. 

3. A supported catalyst according to daim 1 . wherein the supported catalyst is a coordination complex of a catalytic 

transition metal and a ligand. 

4. A supported cata^st according to claim 3, wherein the supported catalyst is a coordination complex of a catalytic 
transition metal selected from palladium, rhodium, or platinum. 

5. A supported catalyst according to claim 3, wherein the ligand is phosphine. 

6. A supported catalyst according to claim 1 . wherein the supported catalyst is selected from iron, chromium, molyb- 
denum, nickel or copper. 

7. A supported catalyst according to claim 1 . wherein the supported catalyst is selected from ruthenium, osmium, 
rtiodium. iridium, palladium, platinum, or a mixture thereof. 

8. A supported catalyst according to claim 1 , wherein the supported catalyst is ferric oxide. 

9 A supported catalyst according to claim 1 , wherein said catalyst comprises a substitution ^^a^^l^" ^^J^^^ ^" 
addrnreactloncLlyst.ap-eliminationreactioncatalyst,arearrangementreactioncatalyst,anox,dationrea^^^ 

50 catalyst, a reduction reaction catalyst or two or more of the foregoing catalyst. 

10 A supported catalyst according to claim 1 , wherein said catalyst comprises a hydrogenation catalyst, a Fischer- 
rrZ^^-lTe^n ammonia synthesis cata^st. a hydrodesutfurization cata^rst, a carboxylatlon catalyst, a Wack- 
er process catalyst, a discrete fibril-fomiing catalyst or a fibril aggregate-fonning catalyst. 

^ 11. A process for making a supported catalyst for conducting a fluid phase catalytic chemical reaction comprising: 

adsorbing a catalyst or a catalyst precursor onto a carbon fibril aggregate and a cosupport material until the 
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carbon fibril aggregate and the cosupport material are saturated with the catalyst, 
wherein said carbon fibril aggregate is defined In claim 1 . 
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